Abstract. The increasingly common phenomenon of habitat fragmentation raises the probability of pollination failure in a number of species, as both pollen quantity and quality often decrease as populations become isolated. We experimentally investigated whether pollen was limiting reproductive success of the endangered shrub Buxus balearica in five populations, two continental and three insular, during 2002 and 2003. Pollen limitation varied among populations and years, but such variation was not related to density or degree of isolation. All populations showed inbreeding depression at different phases of the reproductive cycle, although its effects differed greatly among sites. Between-population outcrossing did not have a consistent effect on several components of fitness. The highest levels of inbreeding depressiondetected at the level of fruit and seed set-occurred at the smallest and least fecund populations from each region. This indicates that further fragmentation of the populations of this already endangered species could certainly threaten their survival.
Plants typically produce many more flowers than fruits due to limitations pollen availability,scarcity and/or inefficiency of pollination vectors, and poor pollen quality, among other factors (Burd 1994, Wilcock and Neiland 2002) . During the last decade, the effects of pollen quantity and quality on reproductive success have become an important issue in plant conservation (Dudash and Fenster 2000 , Hedrick and Kalinowski 2000 , Rocha and Aguilar 2001 , Byers 2004 , Colling et al. 2004 as they are closely related to demographic and genetic factors that affect population decline and extinction.
Most endangered plant species exist as small and isolated populations, and even natural populations of widespread species are becoming increasingly fragmented. Pollen limitation has been widely reported in fragmented, isolated and sparse populations, both for anemophilous (Knapp et al. 2001, Koening and Ashley 2003) and entomophilous taxa (Moody-Weis and Heywood 2001, Rocha and Aguilar 2001) . Other consequences of fragmentation involve reductions in the number of breeding individuals within a population, gene flow among populations (Dudash and Fenster 2000) and pollination efficiency (Jarne and Charlesworth 1993, Duncan et al. 2004) . As a result, individuals in fragmented populations may be more likely to self, or cross with related individuals, than in non-fragmented ones, with subsequent negative consequences for fitness (Buza et al. 2000 , Ke`ry et al. 2000 . Moreover, small and isolated populations usually lose genetic diversity and become increasingly differentiated due to founder effects and increased genetic drift (Buza et al. 2000) . Crossing among isolated populations can lead to outbreeding depression due to the loss of local adaptations in the hybrid progeny and/or the disruption of coadapted gene complexes (Dudash and Fenster 2000) . Such outbreeding effects can be relevant to plan strategies for the recovery and conservation of endangered species. Both inbreeding and outbreeding depression can act at different life cycle stages of a plant and their effects may differ markedly among such stages (Å gren and Schemske 1993 , Husband and Schemske 1996 , Dudash and Fenster 2000 .
In the present study we evaluated, by means of controlled crosses with pollen from different sources, the effect of pollen limitation, inbreeding and outbreeding on the fitness of B. balearica. This relict shrub is endemic to the Mediterranean Basin and its distribution has drastically decreased due to both climate change (5.000 years b.p.) and human activity during several centuries (Bonafe`1979 , Yll et al. 1997 ). We studied fragmented populations of this species, with contrasting density and degree of isolation, at five localities in Spain: three in the Balearic Islands (Mallorca) and two in the southeastern Iberian Peninsula (eastern Andalucia). We specifically examined the levels of pollen limitation and quantified the effects of inbreeding and outbreeding in different phases of the plant reproductive cycle. We hypothesized that pollen limitation and inbreeding depression would be higher in smaller and more isolated populations.
Materials and methods
Study species. Buxus balearica is an evergreen monoecious shrub up to 6 m tall, currently found in southern Turkey, southern Sardinia, Morocco, south-eastern part of the Iberian Peninsula and the Balearic Islands (western Mediterranean). In Spain, it is considered at risk of extinction in the Iberian Peninsula (Blanca et al. 1999 ) and several populations of the Balearic Islands are known to have considerably reduced their size in recent times (Bonafe`1979) . The plant occurs in limestone, often on rocks, under subhumid conditions, between sea level and 1000 m (Benedı´1997). It is monoecious and a single individual can produce over 30.000 inflorescences. Each inflorescence contains one female flower surrounded by a variable number (one to six, mainly four) of male flowers, which bear an average of four anthers each; a variable number of male inflorescences can also be found in some individuals (La´zaro and Me´ndez, unpubl. data) . The species is ambophilous (i.e. its pollination is mediated by both insects and wind), the importance of biotic pollination varying among populations (La´zaro and Traveset 2005) . The range of P/O ratios was 86,058-34,209 (La´zaro, unpubl. data) , indicative of xenogamous species (Cruden 1977) . However, selfing is not irrelevant in this species and can occur both by geitonogamy mediated by insects and wind, and by self-deposition of pollen (La´zaro and Traveset 2005) . It alternates years of high and low fecundity and, thus, behaves as a masting species. In addition, the species can also reproduce asexually, resprouting by burying its branches (Blanca et al. 1999) .
Study areas. The two mainland populations are Cerro Gordo (Granada) and Ra´gol (Almerı´a) in Andalucı´a (Iberian Peninsula) and the three insular populations are Sant Vicenc¸, Lluc, and Galatzo´. Cerro Gordo is at sea level whereas Ra´gol is located in a mountain canyon of the Sierra de Ga´dor Mountains. The three Mallorcan localities are found within the Serra de Tramuntana, a mountain range oriented from northwest to southwest. Sant Vicenc¸occurs in a limestone cliff, Lluc in an Aleppo pine forest and Galatzo´in mountain limestone cliffs facing south; these insular populations are not much separated from each other and constitute patches of different sizes. Traits of all these localities are given in The levels of spontaneous selfing were evaluated by bagging inflorescences with gauze which prevented the passage of both insects and airborne pollen. As inflorescences have an open structure, with very high P/O ratios (see Study Species) and large overlapping between female and male phases, and because clusters of 5-10 inflorescences were bagged together, we assumed that levels of spontaneous selfing by autodeposition would be sufficient to pollinate all available ovules; for this reason we did not consider it necessary to include a treatment of induced selfing. A group of inflorescences of each individual was used as a control (open pollination; Control I). Hand-pollination experiments were performed on previously emasculated inflorescences, using two different pollen sources: (1) from other individuals the own population (Xenogamy I), both in 2002 and in 2003, and (2) from individuals of the nearest studied population (Xenogamy II), used to detect any inbreeding/outbreeding depression at a larger spatial scale, in 2003. During the second year we also hand-pollinated using pollen from individuals the own population gathered the previous day (we called this Control II); such procedural control to Xenogamy II was used to account for the possible loss of pollen viability in the time elapsed between collection in the donor population and application in the receptor population. It was done at both mainland populations and at Lluc, where -for logistic reasonspollen for Xenogamy II treatment was gathered also the day before hand-pollination. To perform Xenogamy II in Mallorca, we used pollen from Sant Vicenc¸to pollinate individuals at Lluc, and vice versa; Galatzo´was pollinated with pollen from Lluc, both sites being separated by a distance of about 25 Km. Mainland populations were crossed between them (distance ca. 90 km).
In all cases, we used a mixture of pollen from 5-15 individuals, excluding pollen from the target A. La´zaro and A. Traveset: Pollen limitation and inbreeding depression in Buxus balearicaindividual. In each individual, we selected 15-35 inflorescences distributed in 3-10 branches for each treatment and control. Branches of each treatment were pooled for data analyses. Fruit initiation and fruit maturation (before dehiscence) were recorded during mid-May and June in Andalucia and during mid-June and July in Mallorca. We separately considered both phases to discern the effect of pollen limitation on fertilization from that on subsequent fruit abortion. Fruit set (proportion of female flowers that become fruits) was calculated in both cases. Ripe fruits were dissected in the laboratory, and the number of seeds in each of them was recorded to obtain a value of the seed set.
We calculated a pollen limitation index for each individual as PL=1-C/XI, where C and XI represent fruit/seed set of the control and of Xenogamy I, respectively (following Tamura and Kudo, 2000) . We estimated the total production of inflorescences per individual (by counting them in a sector of the canopy and extrapolating to the entire shrub) to assess a possible association with levels of pollen limitation.
Effect of pollen source on seed mass, viability and germination. To detect any effect of inbreeding or outbreeding depression on seed weight, seeds obtained from the hand-pollination experiment were weighted to the nearest 0.1 mg, both in 2002 and 2003. In the fall of 2003, we also assessed depression at the seed germination stage. We separately placed seeds in trays of 60 pots, in a germination chamber at 17°C and 12 h photoperiod following Alomar and Garcı´a-Delgado (2000) . Trays were periodically watered to ensure permanent humidity. For each population, we used 5-20 seeds per treatment and individual depending upon availability. Germination (assessed as emergence of the hypocotyl) was monitored for the next six months until no more seeds had germinated for at least five weeks. Only seeds from one population (Ra´gol) germinated during the study period; hence, we performed an additional test in a sample of non-germinated seeds (two per individual and treatment) from each population in order to evaluate seed viability. For that, we introduced the seeds in a 1% solution of 2,3,5-Triphenyl-2H-tetrazolium chloride (TTC test), for 24 hours and in the dark. After this period, we dissected the seeds and scored their viability under a binocular scope. Only red-stained embryos were scored as viable (see details in Scharpf 1970 We estimated the inbreeding and outbreeding effects for: fruit set (1) and seed set (2), seed mass (3), seed viability, and germination for each population. As such effects may be cumulative across the plant life cycle, we further calculated a multiplicative estimate of inbreeding and outbreeding depression as RP iTOT = (w o123 Àw s123 )/ w maximum , and RP oTOT = (w o123 Àw op123 )/ w maximum , respectively (following Thompson, 1997 and 1999) . In such estimate, however, we could only include the three former variables due to insufficient data on seed viability and germination on an individual basis.
Data analysis. Fruit and seed set, and viability of seeds from open pollinations were compared among populations by using Generalized Linear Models (GLIMs; GENMOD proc., SAS) with binomial distributions and logit link functions.
Seed mass from open pollinations was compared among populations using General linear modelling (GLM proc., SAS).
In order to detect pollen limitation and/or inbreeding or outbreeding effects, the indexes of pollen limitation, inbreeding and outbreeding depression for each population were compared to zero by means of t-tests. When indexes differed from zero, their values among populations were compared by using the error distributions (either normal or gamma) and link functions that best fitted to the observed data, based on the whole-model deviances (GENMOD proc., SAS); populations with n<6 were not included in the analyses. The association between pollen limitation and number of inflorescences was tested with a Pearson correlation.
The effects of pollination treatment and seed mass on germination rate (speed) were tested using failure-time analysis. A Cox proportional hazard regression model (Fox 2001 ) was fitted to the number of days between sowing and seedling emergence for each seed. Only germinated seeds were included in this analysis. Seed mass was included as a covariate. Ties were estimated with the exact method, using the program S-Plus 2000 (Mathsoft 1999) . The effect of different treatments was compared to controls.
All contrasts were corrected with the sequential Bonferroni's test (Rice 1989) . Means are accompanied by their standard deviations unless otherwise indicated.
Results
Open pollinations. Fruit and seed set. Fruit initiation was quite low in 2002 in all populations, especially in Cerro Gordo (4.55%), where only three of the monitored individuals produced fruits. Nevertheless, there were differences among populations in initiated fruit set (71.67% at Sant Vicenc¸vs. 21.11% in the others; v 2 4 ¼ 35:07; P < 0:001). Final fruit set and seed set were very low in all populations except Ra´gol (Ra´gol: 27.31 % and 36.88 % vs. mean of all other populations: 3.49 % and 19.38 %, for fruit and seed set respectively). A lack of resources in this non-masting year may be responsible for the low proportion of fruits that reached maturity and this in turn may preclude detecting differences among populations.
In 2003, populations also differed in initiated fruit set (v 2 4 ¼ 57:84; P < 0:0001), final fruit set (v 2 4 ¼ 44:40; P < 0:0001), and seed set (F 3,354 = 6.45, P = 0.0003; data from Cerro Gordo not included: 33.33%, n = 2). Cerro Gordo produced significantly less fruits (initiated: 8.42%; final fruit set: 7.35%) than the rest, although for final fruit set differences with Galatzo´were not significant. On the other hand, Lluc produced the highest initiated fruit set (68.45%), final fruit set (61.91%), and seed Pollen limitation. Pollen addition increased fruit and seed set in B. balearica by an average of 13% and 5%, respectively. In 2002, only Ra´gol and Galatzo´showed to be pollen limited at the time of fruit initiation (Table 2 ). These populations did not differ significantly in pollen limitation indexes (v 2 ¼ 0:52; P ¼ 0:473). Due to low flower and fruit production, pollen limitation on both fruit and seed set could only be estimated for Ra´gol, where pollen appeared to be not limiting ( Table 2 ). The differences in pollen limitation between initiated and final fruit set in this population and year are due to the fruit abortion taking place before maturation.
In 2003, fruit initiation, fruit set and seed set were all limited by pollen only at Sant Vicenc¸; pollen limited initial and mature fruit set at Galatzo´and seed set at Ra´gol; in contrast, pollen was not limiting in the other populations (Table 2) . Sant Vicenc¸and Galatzo´had similar indexes of pollen limitation for both initiated fruits and final fruit set (v 2 ¼ 2:28; P ¼ 0:131 and v 2 ¼ 0:48; P ¼ 0:491, respectively; Table 2). Finally, pollen limitation estimated with seed set data did not differ between Ra´gol and Sant Vicenc¸(v 2 ¼ 0:02; P ¼ 0:885; Table 2 ). At Ra´gol, no differences between years were found for either fruit or seed set (v 2 ¼ 0:05, and v 2 ¼ 0:12; P ) 0:05, respectively). When all populations were pooled, pollen limitation indexes (using fruit set data) showed a marginally significant negative correlation with the number of inflorescences per plant ðr ¼ À0:280; P ¼ 0:054; n ¼ 48Þ, suggesting that more fecund individuals are less pollen-limited than less fecund ones.
Inbreeding and outbreeding depression in different phases. All populations showed inbreeding depression (RP i ) for fruit set (all P < 0:02) and seed set (all P < 0:04; Fig. 1A) . However, RP i for seed mass was found only in Ra´gol (t 11 = 3.60, P = 0.002; Fig. 1A ), while RP i for seed viability was not detected in any population (all P ) 0:05; Fig. 1A ). The multiplicative inbreeding index (RP i 123 ) showed depression in all populations (all P < 0:03; Fig. 1A) .
At the level of fruit set, RP i was significantly lower at Sant Vicenc¸than at the two mainland populations (Cerro Gordo and Ra´gol) and Galatzo´(v Outbreeding depression (RP o ) was found for fruit set (t 9 = 2.06, P = 0.035; Fig. 1B ), seed set (differences marginally significant; t 9 = 1.81, P = 0.052; Fig. 1B ) and for the multiplicative estimate (RP o 123 : t 9 = 2.70, P = 0.012; Fig. 1B ) only in Lluc. In Sant Vicenc¸, RP o123 also differed from zero, but in this case xenogamous pollen increased fitness (i.e. the index had a negative significant value) (t 6 ¼ 5:82, P ¼ 0:0006; Fig. 1B ). These two populations differed in RP o (v 2 2 ¼ 6:06; P ¼ 0:014; Fig. 1B) . In contrast, the other populations did not show outbreeding depression in any of the phases (all P > 0.05).
RP i and RP o for germination could be obtained only from seeds of Ra´gol and were calculated on a treatment basis, pooling all individuals in the population. The index of inbreeding depression was maximum for germination whereas that of outbreeding depression had a negative value, what suggests a better germination of crosses between than within populations. Germination rate (speed) was tested for Ra´gol in 2003, comparing pollination treatments with controls. Seeds from Xenogamy I germinated faster than control seeds (v 2 ¼ 2:00; P ¼ 0:046; Fig. 2) , whereas all the other treatments did not differ significantly from controls. Heavier seeds were also found to germinate faster (v 2 ¼ 2:84; P ¼ 0:005).
Discussion
Pollen limitation. Pollen limitation has been documented for a large number of species and has been found to vary much both at a spatial and temporal scale even within a species (Wilcock and Neiland 2002, Ashman et al. 2004 ). There may be at least two ultimate causes of such pollen limitation: (1) recent ecological perturbations (for instance, habitat fragmentation or decrease in population size) and (2) stochastic rather than a constant pollination environment (Ashman et al. 2004 ).
Regarding the former, an association between pollen limitation and plant density or plant isolation has been frequently reported for species either pollinated by insects (Ke`ry et al. 2000 , Rocha and Aguilar 2001 , Colling et al. 2004 or by wind (Allison 1990 , Knapp et al. 2001 , Sork et al. 2002 , Koening and Ashley 2003 . Such association may be due to a decline in pollinator visits to sparse and isolated patches and/or to a decrease in the reception of conspecific pollen grains. In B. balearica, however, pollen limitation does not appear to be related either to isolation or density. At least at Sant Vicenc¸and Ra´gol, pollination limitation seems to depend more upon the particular and stochastic pollination environment than on fragmentation characteristics. The former is exposed to strong winds and has few insect visits to flowers (indeed, not a single insect was observed during our censuses; La´zaro and Traveset 2005) , what could partly explain the pollen limitation detected at this site; the humidity in this coastal site may further increase pollen limitation, as found for other wind-pollinated species (Wilcock and Neiland 2002) . At Ra´gol, in contrast, insect flower visitation positively contributes to seed set (La´zaro and Traveset 2005) , and temporal variations in insect abundance might be responsible for the temporal variations in pollen limitation. Larger flower crops of B. balearica tended to be less-pollen limited than small ones, as reported for other species (Dudash 1993 , Lawrence 1993 . This fact might be due to floral display effects on pollinator attraction, as observed in other species (e.g. Devlin et al. 1992 , Torres et al. 2002 , Holland et al. 2004 ). Indeed, we found a higher frequency of insect visits in larger crops at Ra´gol -the population with most insect visits-, although this was not consistent in all populations (La´zaro and Traveset 2005) . Alternatively, larger flower crops might have relatively greater levels of geitonogamy, which could act as reproductive assurance against pollen limitation, as proposed for Scorzonera humilis by Colling et al. (2004) .
Nevertheless, the limitations of our experimental approach make us to be cautious interpreting these results. First, the low availability of reproductive individuals in some populations of this rare species necessarily makes decrease sample size. In addition, to more accurately assess a relationship between fragmentation and pollen limitation we would need to examine a higher number of populations. A study encompassing more years would also allow testing the consistency of our results. Moreover, the unknown level of pollen manipulation, the possible quality differences between supplement and control treatments, and the probable effect of reallocation of resources, are intrinsic limitations in this type of experimental approach that could affect the results (Ashman et al. 2004) .
Inbreeding and outbreeding depression in Buxus balearica. Decrease in different components of fitness, such as fruit and seed set, seed mass, and seed germination, promoted by self-pollination compared to outcross pollination has been reported for many species (e.g. Waser and Price 1991 , Hauser and Loeschcke 1996 , Olesen et al. 1998 , Affre and Thompson 1999 . In B. balearica, we found evidence of inbreeding depression at the level of fruit and seed set in all populations, and at the level of seed mass and germination in one of them (Ra´gol). Moreover, the addition of xenogamous pollen within a population significantly increased the quality of seeds what suggests that, at least the qualitative components of fitness of the naturally pollinated individuals may be limited due to high levels of self-fertilization.
The finding that the levels of inbreeding depression varied much among populations of B. balearica is interesting, both from an ecological and conservation viewpoint. In general, endangered species show greater variation in inbreeding depression across populations than common species (Hedrick and Kalinowski 2000) , which is attributed to genetic drift and to the variable ability of purging deleterious alleles (Byers and Waller 1999) . Moreover, levels of inbreeding depression may also depend upon factors such as dominance and/or overdominance (Dudash and Fenster 2000) and upon the breeding history of the population (Lande and Schemske 1985, Husband and Schemske 1996) . The extent of inbreeding depression is usually greater in small populations (Byers 2004 , Buza et al. 2000 , Ke´ry et al. 2000 . However, over time, purging of genetic load may restore or maintain the mean individual fitness to the level found in larger populations, and thus, it can lead to a reduction in inbreeding depression (Hauser and Loeschke 1994 , and references therein). We did find the highest levels of inbreeding depression -at the level of fruit and seed set-at the smallest and least fecund populations from each region (Cerro Gordo and Galatzo´, whereas the lowest levels at the densest population (Sant Vicenc¸). Nonetheless, there was no clear pattern relating inbreeding depression with population density or isolation, what could be attributed to the relatively recent decrease in size of some of these populations, i.e. such effects may have not become apparent yet, as suggested for Lychnis floscuculi by Hauser and Loeschcke (1994) .
The effects of outbreeding in B. balearica were much more limited, appearing only in two of the five studied populations (specifically at Lluc and at Sant Vicenc¸) and not as consistent as those found for inbreeding. Outbreeding depression has been found at very different scales (within populations as well as between populations separated by different distances; Dudash and Fenster 2000, and references therein) , and rather contrasting results have been reported in the literature for long-distance pollinations: a decreased fitness (Fenster and Galloway 2000) , a similar fitness (Schlichting and Devlin 1992, Sork and Schemske 1992) , and an increased fitness Loeschcke 1994, Colling et al. 2004 ). We suggest that results for outbreeding success in B. balearica are due to (1) the greater genetic variation within than among populations and (2) to the different pollen performances among populations, as observed in Silene nutans (Hauser and Fig. 2 . Germination rate of seeds from each treatment in a germination chamber (data are from Ra´gol, the only population from which seeds germinated). Parameter estimates were obtained from separate Cox regressions (mean ± SE). Data are expressed setting control treatments to zero Siegismund 2000). Indeed, pollen performance (germination and size) differs among populations of B. balearica (La´zaro and Me´ndez, unpubl. data) and the effect of exogenous pollen on small populations or little fecund populations, as Cerro Gordo or Galatzo´, seem to have a positive effect on fruit set, in contrast to the tendency observed in the larger and more fecund populations, Ra´gol and Lluc (La´zaro and Traveset 2005) . A more comprehensive assessment of offspring fitness (Waser and Price 1989) would certainly be desirable to assess the effect of outbreeding depression in this species.
